Context. Current models of galaxy formation predict that the Galactic halo was assembled hierarchically. By measuring abundance ratios in stars it may be possible to identify substructures in the halo resulting from this process. Aims. A previous study of 94 dwarf stars with −1.6 < [Fe/H]< −0.4 in the solar neighborhood has revealed the existence of two distinct halo populations with a systematic difference in [α/Fe] at a given metallicity. In continuation of that work, abundances of Mn, Cu, Zn, Y, and Ba are determined for the same sample of stars. Methods. Equivalent widths of atomic lines are measured from high resolution VLT/UVES and NOT/FIES spectra and used to derive abundance ratios from an LTE analysis based on MARCS model atmospheres. The analysis is made relative to two thick-disk stars, HD 22879 and HD 76932, such that very precise differential values are obtained. 
Introduction
According to cosmological ΛCDM simulations, large galaxies such as the Milky Way were formed hierarchically. Evidence of spatial and kinematical substructures in the Galactic halo resulting from this process has indeed been found as reviewed by Helmi (2008) and Klement (2010) . Elemental abundance ratios of halo stars may also be used to probe this formation process by so-called 'chemical tagging' of the 'building blocks' (Freeman & Bland-Hawthorn 2002) . The F, G, and K stars are of particular interest in this connection, because their atmospheric composition are likely to provide a 'fossil' record of the composition of the gas from which the stars once were formed. As found by Korn et al. (2007) from a comparison of dwarf and giant stars in the globular cluster NGC 6397, the atmospheric abundances of heavy elements like Mg, Ca, Ti, and Fe in old dwarf stars may be somewhat decreased by diffusion processes, but the ratios between these elements are practically unchanged.
⋆ Based on observations made with the Nordic Optical Telescope on La Palma, and on data from the European Southern Observatory ESO/ST-ECF Science Archive Facility (programs 65.L-0507, 67.D-0086, 67.D-0439, 68.D-0094, 68.B-0475, 69.D-0679, 70.D-0474, 71.B-0529, 72.B-0585, 76.B-0133 and 77.B-0507) . ⋆⋆ Tables 1, 2, and part of Table 3 are provided as online material and are also available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5a ) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?/A+A/XXX/xxx. The complete Table 3 is available in electronic form at the CDS.
Most high-precision studies of abundance ratios in stars are limited to the solar region of the Galaxy. This means that halo stars must be identified by their kinematics, e.g. by having space velocities with respect to the local standard of rest (LSR) well above the characteristic velocities of thin and thick-disk stars. Several such studies have focused on possible correlations between kinematics and [α/Fe] , where α refers to the abundance of α-capture elements like Mg, Si, Ca and Ti. Fulbright (2002) finds evidence that stars with high values of the total space velocity relative to the LSR, V total > 300 km s −1 , tend to have lower values of [α/Fe] than stars with 150 < V total < 300 km s −1 . Stephens & Boesgaard (2002) show that [α/Fe] is correlated with the apogalactic orbital distance (R apo ) in the sense that the outermost stars have the lowest values of [α/Fe] . Gratton et al. (2003) divided their sample into two populations according to kinematics: i) a 'dissipative' component, which comprises thick-disk stars and prograde-rotating halo stars, and ii) an 'accretion' component consisting of retrograde-rotating halo stars. The accretion component has lower values and a larger scatter for [α/Fe] than the dissipative component. This has been confirmed by Jonsell et al. (2005) . Furthermore, a recent study of Ishigaki et al. (2010) shows that in the metallicity range −2 < [Fe/H] < −1, the [Mg/Fe] ratio for stars reaching a maximum vertical distance Z max > 5 kpc above or below the Galactic plane in their orbits tend to be about 0.1 dex lower than [Mg/Fe] for stars with Z max < 5 kpc.
The α-elements are mainly produced during Type II supernovae (SNe II) explosions of massive stars on a relatively short time scale, ∼ 10 7 years, whereas iron is also produced by Type Ia SNe (SNe Ia) on a longer time scale, i.e. from about 10 8 to more than 10 9 years (Maoz et al. 2010 ). The differences in [α/Fe] may therefore be explained in terms of differences in the star formation rate (SFR). The outer halo stars may originate from regions characterized by a relatively slow SFR with both SNe Ia and SNe II contributing to the chemical evolution, whereas the inner stars come from regions with such a fast chemical evolution that only SNe II have contributed. Differences in the initial mass function may, however, also play a role, because low-mass SNeII produce lower values of [α/Fe] than high-mass SNeII (e.g. Kobayashi et al. 2006) .
It is unclear from the works cited above if there is a dichotomy in the distribution of [α/Fe] or a more continuous change in [α/Fe] as a function of R apo or Z max . In a recent study, the authors of the present paper (Nissen & Schuster 2010 , hereafter NS10) have, however, found evidence for the existence of two distinct halo populations in the solar neighborhood. Abundances were determined for a sample of 94 dwarf and subgiant stars with halo or thick-disk kinematics selected from Strömgren photometry (Schuster et al. 2006) to have metallicities −1.6 < [Fe/H] < −0.4 and to lie in a fairly narrow temperature range, 5200 < T eff < 6300 K. A differential abundance analysis of high-resolution spectra enabled us to determine [α/Fe] 1 with a precision of about 0.02 dex. As seen from [Ni/Fe] are also present with a remarkably tight correlation between these two ratios. [Cr/Fe] , on the other hand, is the same for the two populations.
The halo stars in the NS10 sample were selected to have V total > 180 km s −1 . Yet, the high-and low-α populations have different kinematical properties as seen from Fig. 3 in NS10. The high-α stars tend to move on prograde Galactic orbits, whereas two-thirds of the low-α stars have retrograde orbits with an average Galactic rotational velocity component, V LSR ≃ −260 km s −1 , close to that of the ω Cen globular cluster (Dinescu et al. 1999) . Furthermore, the low-α stars have a very wide distribution of the radial velocity component, U, but comparatively small values of the W component. All together, this suggests that the low-α stars have been accreted from satellite galaxies including the progenitor galaxy of ω Cen (Bekki & Freeman 2003) . The high-α stars, on the other hand, are more likely to be formed 'in situ' in the Galactic bulge or disk, and then 'heated' to halo kinematics by the merging satellites, as suggested from numerical simulations (Zolotov et al. 2009 (Zolotov et al. , 2010 Purcell et al. 2010; Qu et al. 2011) .
In order to obtain new insight into this scenario and the possible connection between ω Cen and some of the low-α stars, our abundance analysis has been extended to include Mn, Cu, Zn, Y, and Ba. In the following Sect. 2, we describe how the abundances of these elements are determined and evaluate statistical and systematic errors. In Sect. 3, it is discussed if the metallicity trends and differences in abundance ratios between the two halo populations can be explained from current knowledge of the nucleosynthesis of elements in stars and supernovae. Furthermore, the abundance ratios of the low-α stars are compared with the 1 α refers to the average abundance of Mg, Si, Ca, and Ti corresponding ratios in present-day Milky Way satellite galaxies and the ω Cen globular cluster. Finally, some conclusions are given in Sect. 4.
Derivation of abundances

Methods
Elemental abundances are derived from a model-atmosphere analysis of equivalent widths (EWs) measured in high signalto-noise (S/N), high-resolution spectra observed either with the ESO/VLT UVES spectrograph or the FIES spectrograph at the Nordic Optical Telescope (NOT). Details on wavelength range, resolution, and S/N are given in NS10. Figure 1 shows a comparison of the spectra of a high-and a low-α star in spectral bands containing some of the Mn, Cu, Zn, Y, and Ba lines applied in this paper.
As described in NS10, local thermodynamic equilibrium (LTE) is assumed and abundance ratios are determined relative to two bright thick-disk stars, HD 22879 and HD 76932. They are nearby stars for which T eff can be determined from photometric colors, and log g via Hipparcos parallaxes. Using a subset of the spectral lines for which the equivalent widths could be measured reliably in the solar flux spectrum (Kurucz et al. 1984) , an abundance analysis relative to the Sun is carried out. Adopting these abundances, an 'inverted' analysis leads to the determination of g f -values for all lines. The derived g f -values for HD 22879 and HD 76932 agree within ±0.03 dex for the large majority of lines; for each line, the mean value of g f is therefore adopted and used for the analysis of all program stars.
This procedure ensures a high internal precision of the abundance ratios. Relative to the Sun, the abundances are, however, more uncertain; line blending and continuum setting are often problematic in the solar spectrum, and non-LTE effects may be different for the Sun and a typical program star with [Fe/H] ∼ −1. Thus, we find the average difference in Fe abundance derived from Fe ii and Fe i lines to be [Fe/H] II −[Fe/H] I = 0.075 dex for the two standard stars. This difference is probably caused by an over-ionization of Fe i with respect to LTE in the metalpoor stars (Asplund 2005 [Fe/H] . However, when comparing stars with the same metallicity and within narrow ranges of T eff and log g, non-LTE effects are expected to be the same; the LTE approximation is therefore adequate in providing reliable differential abundances at a given metallicity.
For many program stars, colors are affected by interstellar reddening and the parallaxes are not accurate enough to determine reliable surface gravities. Thus, T eff is determined from the excitation balance of weak (EW < 50 mÅ) Fe i lines, and log g by requiring that the Fe abundances derived from Fe ii and Fe i lines have the same difference as in the case of the standard stars, i.e. 0.075 dex.
Model atmospheres are interpolated from the new MARCS grid (Gustafsson et al. 2008) , which includes two sets of models with different values of [α/Fe] . Iteration is performed until the derived T eff , log g, [Fe/H], and [α/Fe] are consistent with the corresponding values of the model atmosphere. In the following, the determination of the abundances of Mn, Cu, Zn, Y, and Ba is described in some detail. Line broadenings caused by microturbulence and collisional damping are included. The microturbulence velocity is obtained by minimizing the dependence of [Fe/H] on the equivalent widths of Fe i lines with χ exc > 3.0 eV. The cross sections for collisional broadening of Mn i, Cu i, Zn i, and Ba ii lines are taken from Anstee & O'Mara (1995) , Barklem & O'Mara (1997) , and Barklem et al. (2000) . For Y ii lines, the Unsöld (1955) approximation to the Van der Waals interaction constant, enhanced by a factor of two, is adopted. The Y ii lines employed are quite weak (EW < ∼ 60 mÅ), and are therefore not much affected by possible errors in the collisional cross sections.
Abundances of Zn, Y, and Ba are determined from equivalent widths using the Uppsala EQWIDTH code. For the Mn and Cu lines, which are significantly affected by hyperfine splitting (HFS), the BSYN code is applied to calculate equivalent widths as a function of abundance. Interpolation to the measured equivalent width then provides the stellar abundance value. Results based on UVES and FIES spectra are given in Tables  1 and 2 , respectively, together with data for T eff , log g, [Fe/H] , and [α/Fe] as determined in NS10. In addition, spectral line data and equivalent widths measured from UVES spectra of some selected stars (including the prototypes of a low-and a high-α star, CD −45 3283 and G 159-50) are given in Table 3. The complete  Table 3 with equivalent widths for all UVES and FIES stars is available at the CDS.
Manganese
The derived abundances are based on Mn i lines at 4783.4, 4823.5, 6013.5, 6016.7, and 6021 .8 Å with HFS data adopted from Prochaska et al. (2000) . Cunha et al. (2010) used the same reference when deriving Mn abundances for giant stars in ω Cen, and tested that the more recent HFS data of Bergemann et al. (2007) changed the equivalent widths of the λ 6013.5 line by less than 1 %.
The lines near 6000 Å are quite weak in our stellar spectra (EW < ∼ 50 mÅ) and disappear in the noise at low metallicities ([Fe/H] < ∼ − 1.4). The λλ 4783.4, 4823.5 lines are stronger, and are disregarded for the cooler and more metal-rich stars if their equivalent widths exceed 80 mÅ. Furthermore, the spectral coverage of the UVES spectra stops at 4780 Å, so in some cases the λ 4783.4 line is lost because of a high negative radial velocity of the star.
For a group of 33 intermediate metallicity stars, all five Mn lines could be used to determine abundances, and it was checked that the Mn abundance derived from a given line is consistent with that derived from the other lines. The rms difference of Mn abundances derived from a single line and from all lines never exceeded 0.03 dex. This suggests that very precise Mn abundances have been obtained.
The derived [Mn/Fe] The only two stars, G 112-43 and G 112-44, deviating significantly from the average trend in Fig. 2 , are probably components in a binary star. They are separated by only 11 arcsec on the sky and have nearly the same radial velocities and proper motions. G 112-43 is at the turn-off, and G 112-44 is a mainsequence star about one magnitude fainter. Both components belong to the class of low-α halo stars. In all abundance diagrams in the present paper and in NS10, these two stars are connected with a straight line. Their abundances agree very well, but they tend to deviate from the rest of the low-α stars in several abundance ratios. Interestingly, the two stars also stand out by having exceptionally high velocity components perpendicular to the Galactic plane (see Fig. 8 in NS10 ).
Copper
Cu abundances are derived from the equivalent widths of Cu i lines at 5105.5, 5218.2 and 5782.1 Å with HFS data taken from the same source as in the case of Mn (Prochaska et al. 2000) .
Their data include isotopic splitting between 63 Cu and 65 Cu assuming solar system fractions of 0.69 and 0.31, respectively. The isotopic splitting is small and the calculated equivalent width is insensitive to the assumed isotopic composition.
The strongest of the three Cu lines, λ 5105.5, is somewhat affected by blends of C 2 molecular lines in the wings, and care was taken to avoid them by measuring equivalent widths using the deblending routine in the IRAF splot task. In general, the Cu lines become too faint (EW < ∼ 2 mÅ) to provide reliable abundances in the most metal-poor stars. Furthermore, the λ 5782.1 line is not available in the UVES spectra, because it happens to fall in a gab between the two CCDs in the red arm of the spectrograph.
Cu abundances derived from the individual lines agree well. There is no significant systematic offsets, and a comparison of Cu abundances derived from the 5105.5 and 5218.2 Å lines results in a rms deviation of 0.052 dex. Cu abundances from the 5218.2 and 5782.1 Å lines in the FIES spectra have a rms deviation of 0.061 dex.
As seen from 
Yttrium
The yttrium abundances are based on the Y ii lines at 4883.7 and 5087.4 Å. Being an odd-Z element (Z = 39) HFS is present, but as discussed by Hannaford et al. (1982) , the splitting of the hyperfine components is less than 1 mÅ and can be safely neglected in connection with the determination of Y abundances. The equivalent widths of the lines range from about 4 to 60 mÅ in our sample of stars, and the Y abundances derived from the two lines agree with a rms difference of 0.044 dex. From the outset, Y ii lines at 5123.2 and 5200.4 Å were also included, but it turned out that the corresponding Y abundances deviate from the λλ 4883.7, 5087.4 abundances in a systematic way as a function of line strength indicating the presence of undetected blends. stars. In addition, it should be noted that one star, G 24-25, has [Y/Fe] = 0.82 and falls above the upper limit of the figure. This star is also very overabundant in Ba and other s-process elements with an abundance pattern that may be explained by mass transfer from an AGB companion (L. Shu et al., in preparation) . According to Latham et al. (2002) , G 24-25 is an SB1 spectroscopic binary with an orbital period of 9.45 years.
Barium
Abundances of Ba are determined from the λλ 5853.7, 6141.7 Ba ii lines. Odd numbered Ba isotopes exhibit hyperfine splitting, and it was therefore first investigated if this has any significant effect on the derived abundances. Adopting HFS data from McWilliam (1998) , profiles and equivalent widths were calculated for some representative stars. Contrary to the case of the Ba ii line at 4554.0 Å (e.g. Collet et al. 2009 ), the HFS effect on the λλ 5853.7, 6141.7 lines is small and changes the derived Ba abundances by less than 0.01 dex even if one assumes a pure r-process distribution of the isotopes instead of a solar system distribution. Thus, the abundance analysis was carried out neglecting hyperfine splitting.
The λ 5853.7 Ba ii line is suitable for precise abundance determination by having equivalent widths from about 10 to 60 mÅ in the majority of our stars. The λ 6141.7 line has equivalent widths typically in the range 50 -100 mÅ, and is therefore more sensitive to the adopted microturbulence and damping constant. Nevertheless, the two sets of Ba abundances show a satisfactory agreement; the rms difference is 0.058 dex. 
Statistical errors
An estimate of the statistical errors of the various abundance ratios can be obtained by comparing values derived from UVES and FIES spectra for six stars observed with both instruments. As the atmospheric parameters are determined spectroscopically, the comparison will include the effect of the uncertainties in T eff , log g, and [Fe/H] on the abundance ratios.
The results from this comparison are given in Table 4 . The six stars are representative for the whole sample of program stars. G 20-15 is one of the most metal poor stars, HD 148816 and HD 179626 belong to the metal-rich end, and HD 189558, HD 193901 and HD 194598 have intermediate metallicities. As seen from the table, the systematic offsets between the UVES and FIES results are small and can be neglected. The rms scatters of the differences are on the same order of size as the errors of the average abundances estimated from comparing abundances derived from individual lines. Thus, the uncertainty of the atmospheric parameters is not adding much to the error budget, which can be ascribed to the fact that we are deriving abundance ratios from lines belonging to the same ionization stage.
On the basis of Table 4 and the line-to-line scatter of derived abundances, we estimate the one-sigma error of [Mn/Fe] to be 0.025 dex and the errors of other ratios to be 0.035 dex. It is emphasized that these are statistical errors that can be applied when comparing relative abundance ratios for stars at a given metallicity. The absolute values and the trends of abundance ratios as a function of metallicity may be affected by systematic errors caused by non-LTE effects as mentioned in Sect. 2.1.
Discussion
In this section, the trends and correlations in the elemental abundance ratios for high-and low-α halo stars are discussed in terms of nucleosynthesis calculations. Furthermore, the abundance ratios for the low-alpha stars are compared with ratios determined for dwarf galaxies and the ω Cen globular cluster in an attempt to find evidence for a connection.
Differences and correlations between abundance ratios
As seen from Figs Table 4 . Differences (UVES -FIES) of atmospheric parameters and abundance ratios determined from spectra of six stars observed with both instruments. Corresponding quadratic fits and deviations are calculated for the other element ratios. Table 5 gives the mean value and the rms scatter of the deviations for the metallicity range −1.1 ≤ [Fe/H] < −0.7, where the largest separation of the two populations occurs. The high-α group includes 18 halo stars and 7 thick-disk stars, and the low-α group comprises 21 halo stars, except in the case of copper, for which two stars have too weak Cu i lines to allow a reliable determination of the Cu abundance. Table 5 . Mean value and rms scatter of deviations in abundance ratios for high-and low-α stars with −1.1 ≤ [Fe/H] < −0.7. As seen from Table 5 , the mean value of the deviations is close to zero for the group of high-α stars, as one would expect from the definition of ∆, and the scatter is not much higher than expected from the estimated error of the abundance ratios. For the group of low-α stars the mean value of ∆ is always negative and the scatter is significantly higher than the scatter for the high-α group except in the case of Cr and Mn.
As shown in Fig One may ask if the abundance differences between high-and low-α stars, and the correlations seen in Fig. 5 could be spurious, due to errors in T eff and/or log g. This is, however, not the case. As shown in Fig. 6 , ∆[Mg/Fe] has no significant dependence on T eff or log g and the same is the case for the other abundance ratios. Furthermore, the distribution of stars as a function of T eff and log g is similar for the high-and low-α populations, except for one interesting detail; the maximum T eff for the low-α stars is approximately 150 K higher than the maximum for the high-α group. These maxima are likely to correspond to the turnoffpoints in the HR-diagram for the two populations, and depend on the ages of the stellar populations as well as [Fe/H] and [α/Fe] . Using the position of stars in the log g -T eff diagram to derive individual ages, Schuster et al. (in preparation) find that in fact stars in the low-α population are on the average 2-3 Gyr younger than stars belonging to the high-α population. Magnesium is a product of hydrostatic carbon and neon burning in massive stars and is dispersed to the interstellar medium by SNe II (e.g. Woosley & Weaver 1995) . Very little Mg is produced by SNe Ia (Nomoto et al. 1997) . Our comparison element, iron, partly comes from explosive oxygen and silicon burning in SNe II, but is also produced by SNe Ia; according to Tsujimoto et al. (1995) about 60% of iron in the Sun originates from these less massive supernovae. The downward trend of [Mg/Fe] with increasing metallicity for the low-α population may therefore be explained by delayed contribution of iron from SNe Ia, as first suggested by Tinsley (1979) Good candidates for such systems are dwarf galaxies, for which the chemical evolution is thought to proceed slowly because of a low SFR and/or loss of produced elements in galactic winds (e.g. Lanfranchi & Matteucci 2003; Fenner et al. 2006) .
Sodium is produced by hydrostatic carbon burning in massive stars with a yield that depends on the neutron excess (e.g. Kobayashi et al. 2006) . Neutrons are released by the 22 Ne(α,n) 25 Mg reaction, where 22 Ne comes from double α-capture on 14 N, which is enhanced in the CNO cycle during hydrogen burning at the expense of carbon and oxygen. As a result, the efficiency of Na production increases with the original C and O abundances of the star. This explains the rising trend of [Na/Fe] vs. [Fe/H] for the high-α stars in Fig. 4 . SNe Ia do not make Na in any significant amount (Nomoto et al. 1997) , so the underabundance of Na relative to Fe in low-α stars, and the correlation between ∆[Na/Fe] and ∆[Mg/Fe] (Fig. 5) is partly due to the excess of iron produced by SNe Ia. The amplitude of the variations in [Na/Fe] is, however, significantly larger than in the case of [Mg/Fe] (Table 5) . We suggest that this is connected to the CO dependent yield of Na; at a given [Fe/H], the low-α massive stars synthesizing Na contain less carbon and oxygen than massive stars belonging to the high-α population 3 . In addition to Na production in massive stars, sodium may also be made in hydrogen burning shells of intermediate mass AGB stars in connection with the CNO and Ne-Na cycles 8 P.E. Nissen and W.J. Schuster: Two distinct halo populations in the solar neighborhood. II. (Ventura et al. 2001 ). This process is often assumed to be responsible for the high Na abundances and the Na-O anti-correlation in globular cluster stars (Carretta et al. 2009) These stars could be halo field counterparts of the Na-enhanced globular cluster stars, formed in the vicinity of an intermediate mass AGB star before its nucleosynthesis products were mixed into the interstellar medium.
The remaining α-capture elements, Si, Ca, and Ti are made by oxygen and silicon burning in massive stars, but also have a significant contribution from SNe Ia. According to Tsujimoto et al. (1995, Kobayashi et al. 2006 ), but according to Table 5 and 
Chromium and manganese
Chromium is produced by both Type II and Ia SNe. As seen from Fig. 6 in NS10, [Cr/Fe] is close to zero and there is no significant difference in [Cr/Fe] between high-and low-α stars. Thus, chromium follows iron closely. This agrees with the calculations of Kobayashi et al. 2006 , who include nucleosynthesis contributions from both normal SNe II with explosion energy ∼ 10 51 erg, and more energetic core collapse SNe, so-called hypernovae (HNe) with 10 times higher explosion energy. For masses above 20 M ⊙ , the fraction of of HNe is assumed to be 0.5. In addition, contribution from SNe Ia is taken into account with yields from Nomoto et al. (1997) Gratton (1989) suggested that the rise in [Mn/Fe] is caused by an overproduction of Mn relative to Fe in SNe Ia as also predicted from the yields of Nomoto et al. (1997) . Accordingly, one would expect the low-α halo stars to lie above the [Mn/Fe] trend defined by the high-α stars, but this is not the case as seen from Fig. 2 . The explanation may be that the Mn yields of SNe Ia are metallicity dependent as suggested from models by Badenes et al. (2008) . They find that the increase in neutron excess with metallicity leads to a faster increase of Mn/Cr in Type Ia SNe than in core collapse SNe. Recalling that the SNe Ia which enrich the low-α population are relatively metal-poor, this may cancel the expected overabundance of [Mn/Fe] for the low-α population. In extreme systems such as the Sagittarius dwarf spheroidal (dSph) galaxy, the metallicity dependent Mn yield of SNe Ia may even lead to a decrease of [Mn/Fe] relative to the trend for disk stars as first suggested by McWilliam et al. (2003) and later shown in detail by Cescutti et al. (2008) on the basis of chemical evolution models. Kobayashi & Nomoto (2009) 
Nickel and copper
It was long thought that nickel closely follows iron (i.e.
[Ni/Fe] ≃ 0) in both halo and disk stars. Nissen & Schuster (1997) As discussed in Venn et al. (2004) , the correlation between Na and Ni, can be explained if the production of 58 Ni (the most abundant Ni isotope) in SNe II depends on the neutron excess in the same way as 23 Na, i.e. the yields of both elements are metallicity dependent. Ni is, however, also produced by SNe Ia. Current models of SNe Ia (e.g. Nomoto et al. 1997 ) predict an overproduction of Ni relative to Fe, and it is therefore puzzling that the low-α stars fall below the high-α group in the [Ni/Fe] -[Fe/H] diagram. Evidently, there is something wrong with the yield calculations. As noted by Kobayashi et al. (2006) , the Ni yield from SNe Ia depends strongly on the electron excess, Y e , in the burning region, which is sensitive to uncertain parameters such as the propagation speed of the burning front and the central density of the white dwarf progenitor. Hence, there seems to be room for a downward revision of Ni yields for SNe Ia.
The increase in [Cu/Fe] with [Fe/H] (Fig. 2) for the highalpha stars, can be explained if copper is mainly produced in massive stars by the weak s-process (e.g. Bisterzo et al. 2004 ). The necessary neutrons come from the 22 Ne(α,n) 25 Mg reaction, which also controls the production of Na. Thus, the efficiency of Cu production by the weak s-process also increases with increasing original CNO abundance. This is confirmed by detailed cal-culations of yields by Kobayashi et al. (2006) , who find a steep increase in Cu/Fe as a function of heavy element abundance.
Current SNe Ia models predict negligible Cu yields (e.g. Nomoto et al. 1997) . The reduced Cu/Fe ratio in low-α stars therefore arises because they were formed from gas enriched with Fe from SNe Ia and with Cu produced by CNO-poor massive stars. The same type of explanation was suggested in Sect. Table 5 ).
The heavy isotopes, 66−70 Zn, are probably made by the weak s-process in massive stars (Bisterzo et al. 2004 ). According to Kobayashi et al. (2006) , the most abundant isotope, 64 Zn, is mainly formed by Si-burning in hypernovae. Type Ia SNe produce relatively little Zn. Hence, the decreasing trend of [Zn/Fe] in the low-α population may be explained by the production of iron in SNe Ia.
One may ask if the derived overabundance of Zn relative to Fe could be a spurious result because of the assumption of LTE. According to the statistical equilibrium calculations for the energy level populations of the Zn i atom by Takeda et al. (2005) , the non-LTE corrections of Zn abundances derived from the λλ4722.1, 4810.5 lines increase with decreasing metallicity and reach about +0.1 dex relative to the Sun for a main-sequence star with T eff ≃ 5800 K and [Fe/H] ≃ −1. This is of the same order of size as the non-LTE correction for the Fe abundance derived from Fe i lines (as estimated from the difference in Fe abundances derived from Fe ii and Fe i lines; see Sect. 2.1). There is some uncertainty in the statistical calculations due to a poor knowledge of the cross section for collisions between Zn and H atoms, but altogether it is unlikely that the inclusion of non-LTE corrections would lead to systematic changes in the derived [Zn/Fe] values by more than ±0.1 dex, and the difference in [Zn/Fe] between the high-and low-α stars at a given metallicity would not be affected.
When studying elemental abundances in the interstellar gas of damped Lyman-alpha systems (DLAs), it is often assumed that Zn can be used as a proxy for Fe. In support of this assumption, reference is given to the study of Zn abundances in halo and disk stars by Sneden et al. (1991) . Zinc has the advantage of being a volatile element like sulfur, and is therefore not depleted onto interstellar grains. Thus, it has been suggested that the S/Zn ratio can be used to date the star formation process in DLAs in the same way as α/Fe for stars. According to the present work Zn is, however, not a good proxy for Fe. Supporting evidence comes from the work of Bensby et al. (2005) , who found an offset in [Zn/Fe] between thick-and thin-disk star amounting to about 0.15 dex. Altogether, this means that S/Zn is not a sensitive tracer of the star formation history in galaxies. The same conclusion was reached by Nissen et al. (2007) 
Yttrium and barium
Yttrium and barium can be made by neutron capture onto ironpeak nuclei by the weak s-process in massive stars (like copper, see Sect. 3.2.3) as well as the r-process, which is also thought to take place in massive stars. From a Galactic evolution model, Travaglio et al. (2004) (Fig. 3) , although there is a puzzlingly large scatter suggesting a poor degree of mixing of Y and Ba with Fe in the interstellar gas.
In addition, Y and Ba can be made by the main s-process occurring during shell He-burning in low-mass (M < ∼ 4 M ⊙ ) AGB stars (Busso et al. 1999) . Yttrium (Z = 39) belongs to the group of light s-process (ls) elements, whereas Ba (Z = 56) is one of the heavy s-process (hs) elements. The neutrons mainly come from the 13 C(α, n) 16 O reaction, where 13 C is made by proton capture onto 12 C nuclei produced during He-burning. Hence, the neutron flux per seed (iron) nuclei increases with decreasing metallicity. This means that low-metallicity AGB stars produce a higher hs/ls ratio than high-metallicity AGB stars (Travaglio et al. 2004 ). The increasing trend of [Ba/Y] for the low-α stars (Fig. 3 ) may therefore be explained as due to delayed production of s-process elements by metal-deficient, low-mass AGB stars.
Given that the progenitors of low-mass AGB stars evolve on a timescale ranging from ∼ 2 × 10 8 years to several billion years (Schaller et al. 1992) , the [Ba/Y] trends in Fig. 3 support the idea that the low-α stars have been formed in systems with a slower chemical evolution than the regions from which the high-α and thick-disk stars originated. Detailed models for the chemical evolution of dSph galaxies including mass-loss in SNe winds (Fenner et al. 2006) confirm that an increase in Ba/Y for the metallicity range −2 < [Fe/H] < −1 is obtained, when the star formation history extends over more than one Gyr.
Comparison with dSph and Irr galaxies
As discussed in NS10, the kinematics of the low-α stars suggest that they have been accreted from Milky-Way satellite galaxies. It is therefore interesting to compare abundance ratios measured in such present-day galaxies with the corresponding ratios for the low-α stars.
As reviewed by Tolstoy et al. (2009) , the knowledge about elemental abundances in dwarf galaxies has been greatly improved over the last few years thanks to the advent of multi-object, highresolution spectrographs at large telescopes allowing the determination of abundances for samples of red giant branch (RGB) stars. As seen from [α/Fe] starts to decrease as a function of increasing metallicity. This is similar to the trend for the low-α field stars except that the amplitude of the [α/Fe] variations tends to be larger for dSph galaxies than in the case of the low-α population in the solar neighborhood.
There is some evidence that [Fe/H] knee differs among the dwarf spheroidals and is correlated with the maximum [Fe/H] reached, i.e. that metallicity at which the gas is blown out of the system by SNe. The low-luminosity dSph systems, Carina, Draco, and Ursa Minor, have [Fe/H] (Sbordone et al. 2007; Carretta et al. 2010 ). This maximum metallicity occurs in the core of Sagittarius; the metallicity of stars in the trailing and leading arms (i.e. stars presently being accreted by the Galaxy) tend to be lower (Chou et al. 2007; Keller et al. 2010) The 'knee' position for the low-α population is somewhat uncertain because no stars with [Fe/H] < −1.6 were included. According to Fig. 1 in NS10 , it seems to lie around or slightly below a metallicity of −1.5, i.e. [Fe/H] knee < ∼ − 1.5. The maximum metallicity for the low-α stars, on the other hand, is well-defined at [Fe/H] max ≃ −0.75. Hence, there is no exact correspondence with any of the existing dSph systems, but this does not exclude that the low-α stars originate from now dissolved dSph systems. The reason for the scatter of [α/Fe] at a given metallicity in the low-α population could be that they were accreted from an ensemble of dwarf galaxies with somewhat different star formation efficiencies.
For a more detailed comparison of abundance ratios in dSph galaxies and the low-α field stars, we may use Fornax as a well studied example (Letarte et al. 2010) . [Mg/Fe] and [Si/Fe] overlap with the corresponding ratios for the low-α stars, but [Ca/Fe] and [Ti/Fe] are lower in the Fornax stars. According to Letarte et al. (2010) , the derived Ca and Ti abundances may, however, be affected by non-LTE effects. Spurious offsets may also arise when comparing abundances for two samples of stars with different sets of atmospheric parameters, i.e. red giants in dSph galaxies and dwarf stars in the solar neighborhood.
As seen from Thus, Fornax has more extreme abundance anomalies than the low-α population. This may be related to differences in the SFR; the majority of stars in Fornax have ages between 2 and 6 Gyr (Letarte et al. 2010) , whereas the low-α stars have ages around 10 Gyr (Schuster et al., in preparation) .
Mn, Cu, and Zn were not included in the Fornax study by Letarte et al. (2010) . Sagittarius is the only dSph for which these elements have been studied in some detail and the data refer mainly to the metallicity range −0. Sbordone et al. 2007 ). Again, one may speculate that these extreme abundance anomalies are connected to a very prolonged star formation history of Sagittarius.
It is also interesting to compare the abundance ratios in low-α stars with ratios obtained for irregular galaxies. Kaufer et al. (2004) Tautvaisiene et al. (2007) . Hence, [α/Fe] in these dIrr galaxies is about 0.2 dex lower than the ratio for low-α halo stars.
Finally, there are some similarities between abundance ratios in low-α halo stars and ratios obtained by Pompéia et al. (2008) 
Comparison with ω Cen
As mentioned in Sect. 1, the majority of low-α stars move on retrograde orbits close to the Galactic plane with a wide distribution of the U-velocity component. This resembles the orbital characteristics of stars captured from a satellite galaxy that is dragged into the Galactic plane by dynamical friction (Meza et al. 2005) . Given that the ω Cen globular cluster is probably the nucleus of a dwarf galaxy (e.g. Bekki & Freeman 2003) , and that many of the low-α stars have a V-velocity component similar to that of ω Cen, it is possible that a significant fraction of the low-α halo stars in the solar neighborhood have been formed in the ω Cen progenitor galaxy. Hence, it is of interest to compare abundance ratios in the low-α stars with the corresponding ratios in ω Cen stars.
ω Cen is unique among globular clusters by having a wide metallicity distribution. In a comprehensive, high-resolution study of 855 red giants in ω Cen, i.e. essentially all stars brighter than V = 13.5, Johnson & Pilachowski (2010) (Johnson & Pilachowski 2010) as found in all well-studied globular clusters (Carretta et al. 2009 ). This anti-correlation may be ascribed to the CNO and Ne-Na cycles in connection with hydrogen burning in intermediate-mass AGB stars (Ventura et al. 2001 ). According to hydrodynamical simulations by D' Ercole et al. (2008) , the gas ejected from such AGB stars collects in the cluster core, which could explain the difference in [Na/Fe] between stars remaining in ω Cen itself and those originating from the progenitor galaxy.
Turning to the iron-peak elements, there are some similarities between ω Cen and the low-α halo population. As noted by Johnson & Pilachowski (2010) , [Ni/Fe] Abundances of neutron capture elements in ω Cen were determined for ten RGB stars having −1.8 < [Fe/H] < −0.8 by Smith et al. (2000) . In this metallicity range, the abundances of the heavy-s elements, Ba and La, increase by more than 1 dex relative to Fe. [Y/Fe] shows a much smaller increase, i.e. less than 0.3 dex. Hence, the ω Cen stars show a much more dramatic increase in [Ba/Y] with [Fe/H] than the low-α stars. The reason for this difference could be that winds from low-mass AGB stars producing the s-process elements are more efficiently retained in the cluster than the faster moving Type II ejecta (Smith et al. 2000) . These authors also suggest that all elements produced by Type Ia SNe escape from the ω Cen cluster, which would explain the 'high' trend of [α/Fe] found by Johnson & Pilachowski (2010) .
As Trends and correlations between the abundance ratios may to a large extent be explained from existing nucleosynthesis calculations if the high-α stars have been formed in regions with such a high SFR that only massive stars and SNe II have contributed to the chemical evolution up to [Fe/H] ≃ −0.4. The low-α stars, on the other hand, may originate from systems with a slower chemical evolution, characterized by delayed enrichment from relatively metal-poor SNe Ia and low-mass AGB stars in addition to the contributions from massive stars and Type II SNe. It is, however, difficult to explain that there is no significant difference in [Mn/Fe] between the high-and low-α populations. Furthermore, the data for [Ni/Fe] call for a revision of the Ni yields from SNe Ia.
Conclusions
RGB stars in present-day dSph satellite galaxies show abundance trends of [α/Fe], [Na/Fe], [Ni/Fe] , [Cu/Fe] , and [Ba/Y] that have some similarities with the trends for the low-α population, but there is no exact matching. In general, existing dSph galaxies seem to be characterized by an even slower chemical evolution than the systems in which the low-α stars were formed.
As discussed in NS10, the kinematics of the low-α stars suggest that some of them were accreted from the progenitor galaxy of the ω Cen globular cluster. We have looked for supporting evidence from chemical abundance ratios, but have found more differences between the ω Cen cluster and the low-α stars than similarities. The distributions of [Ni/Fe] and [Cu/Fe] for RGB stars in ω Cen overlap well with those of the low-α population, but [Na/Fe] and [Ba/Y] are very different in ω Cen and low-α stars. This difference could be explained if the products of AGB stars are selectively retained within the ω Cen cluster. The trend of [α/Fe] is also different for ω Cen and the low-α population, so one has to invoke differential loss of SNe II and SNe Ia winds from ω Cen if some of the low-α stars did originate from the progenitor galaxy. 12 P.E. Nissen and W.J. Schuster: Two distinct halo populations in the solar neighborhood. II. Zolotov et al. (2009 Zolotov et al. ( , 2010 have recently used N-body and smooth particle hydrodynamic simulations to investigate the kinematics and [α/Fe] trends of stellar halos of large galaxies similar to the Milky Way. They find that the inner halos (R < 20 kpc) contain both accreted and in situ formed stars. These two populations are separated in [α/Fe] at the high end of the metallicity distribution function if the halo was formed in connection with a few major mergers (M satellite /M primary > 0.1) at early times, i.e. more than 8 -9 Gyr ago. The in situ halo stars formed in the innermost ∼ 4 kpc of the galaxy in a deep potential well causing the SFR to be so high that only core collapse SNe contributed to the chemical enrichment. Later these stars were 'heated' to halo kinematics by mergers. The accreted stars, on the other hand, formed in satellite galaxies with shallower potential wells and hence lower SFR allowing SNe Ia to contribute to the enrichment at the high end of the metallicity distribution.
The dual distribution of [α/Fe] obtained in the simulations of Zolotov et al. (2010) corresponds qualitatively to the abundance trends determined in NS10 and in this paper. Thus, the high-α population may consist of stars formed in the innermost part of the Milky Way and displaced to the halo by mergers, whereas the low-α stars may have been accreted at early times from a few, relatively massive satellite galaxies. The dispersion in abundance ratios at a given [Fe/H] suggests that these satellites followed somewhat different chemical evolution patterns. Present-day dSph galaxies are less massive, which may explain that they have more extreme abundance anomalies than the low-α stars. Clearly, this scenario should be tested by determining [α/Fe] and other abundance ratios for a large sample of halo stars situated in other regions than the solar neighborhood. a Classification as thick disk (TD), low-α, or high-α. For halo stars with [Fe/H] < −1.4, the classification is uncertain and given in parentheses.
b As noted by Takeda & Takada-Hidai (2010) , HD 219617 is a double star comprising V = 8.77 and 9.08 mag. components with a separation of 0.8 arcsec and nearly identical spectra. The UVES spectrum, obtained with a 0.8 arcsec slit under rather poor seeing conditions, is an unspecified average of the two spectra. b Data are also available from UVES spectra (see Table 1 ).
c s-process enhanced star. a The large majority of g f -values are determined from UVES spectra of the two standard stars, HD 22879 and HD 76932, as described in Sect. 2.1. For three lines that are only available in the FIES spectra (Mg i 4730.0, Cu i 5782.1, and Zn i 4722.2), the g f -value is determined so that for the sample of FIES stars, the mean elemental abundance derived from the line agrees with the mean abundance derived from the other lines of the element.
